Introduction
Cell biological interests have led investigators to appreciate subcellular structures in the conventional light microscopic specimens. With conventional light microscopy it is impossible to identify subcellular organelles clearly unless specific marker substances or enzymes for each organelle are histochemically stained. To ensure the validity of such histochemical stainings, however, one must often determine, with the aid of immunoelectron microscopy, whether suitable subcellular organelles are properly stained. In this context, it is quite helpful to identify subcellular organelles structurally in light microscopic sections. Recently, laser scanning microscopy (ISM) (Wilke, 1985) was introduced to meet these requirements and to supplement the deficits of conventional light microscopy. With the LSM, finely focused laser beams scan microscopic specimens "point by point" (Young and Roberts, 1951) to obtain clearly visible images by enhancing the contrast at the limit of resolution (Itoh et al., 1986) . Consequently, much higher magnification became avail-' This study was presented at the US Presidential Symposium of the Third United StatesJapan Joint Meeting dHistochemistry and Cytochemistry, Seattle, August, 1990 .
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figures of subcellular organelles such as microtubules, endoplasmic reticula, secretory granules, and mitochondria were visualized in brightfield on sections prepared for light microscopy (paraffin, frozen sections and cultured living ells).
The validity of the images obtained by LSM or LSM-IAS was confirmed by immunoelectron microscopy when possible. The LSM images of histochemically stained suborganelles of various ceh were definitely improved (refiined andlor strengthened) by processing them with IAS. ( J H i s r d e m Cytochem 40: [955] [956] [957] [958] [959] [960] [961] [962] [963] [964] [965] [966] [967] 1992) KEY WORDS: Laser scanning microscope; Computer image analysis; Living cells; Immunohistochemistry; Enzyme histochemistry; Subcellular organelles.
able with the LSM than with the usual light microscope ( k a k i et al., 1989) . With most LSMs, one can observe not only by the conventional transmittance mode but also by the phase-contrast mode, the differential interference contrast (DIC) mode, and the confocal mode, which can greatly improve contrasting efficiency.
Recently, the applications of laser scanning confocal microscopy to observe intracellular localization of various substances have been strikingly expanded and its usefulness has been firmly established by many investigators (Ploem et al., 1989; Baak et al., 1987; Bultmann et al., 1987; Donna et al., 1987; Kalisch et al., 1985) . In confocal microscopy, however, only fluorescent signal can be detected. Signals from other coloring sources such as oxidized diaminobenzidine (DAB), azo dyes, and formazans of immunohistochemical or enzyme histochemical probes cannot be detected even though they are sharply and sensitively observed in brightfield.
In the field of pathology, enzyme-labeled antibody methods in which sections are finally stained with either DAB or azo dyes are usually preferred to the immunofluorescent method. This may be mainly due to the fact that morphological details of cells and tissues can be demonstrated in brightfield and semipermanently preservable stained sections are available in the former.
In the present study, an attempt was therefore made to observe or identlfy subcellular organelles with light microscopy with the aid of LSM and immuno-and enzyme histochemical staining for marker substances for each organelle. To get clearer images of the organelles, images that were built up as electronic signals in LSM were further processed in the image analysis system (IAS) (Kakudo et al., 1989; Tao et al., 1989; Daniel et al., 1988; Raymond et al., 1988; Stump et al., 1988; Donna et al., 1987; Satodate et al., 1986; Nakamura et al., 1985) and were stored in a frame memory. With the combination of LSM and IAS [in the present experiments, IBAS (Interactive Build Analysis System) of Carl Zeiss (Oberkochen, Germany) was used], microtubules, rough endoplasmic reticulum, Golgi apparatus, secretory granules, and mitochondria of various cells were successfully visualized.
Materials and Methods
Because this report mainly deals with the technical development of the image analysis using laser scanning microscope (LSM) and the image analysis system (IAS). the description of histochemical procedures is abbreviated. The details of these procedures have been described elsewhere (Osamura et al., 1991; Utsunomiya et al., 1991; Hasegawa et al.. 1987 : Aihara et al., 1982 .
To identify subcellular organelles such as microtubules, rough endoplasmic reticulum, Golgi apparatus, and mitochondria in sections prepared for light microscopy (3-10 pm thick frozen or paraffin sections) with the aid of LSM or LSM-IAS, the following cells, tissues. and histochemical staining methods were employed.
Materials and Histochemical Methods
Immunohistochemical Visualization of Microtubules. Normal and colchicine-treated (Sigma, St Louis. MO; 2 mglkg bw) rat small intestine was used for the immunohistochemical detection of a-tubulin. The indirect immunoperoxidase method (Nakane. 1975 ) with anti-a-tubulin monoclonal antibody (Amersham; Poole, UK) was applied to paraffin sections prepared by the freeze-substitution method for fixation (Hisano et al., 1985) .
Rough Endoplasmic Reticulum ([ER) and Secretory Granules (SG). Cultured mouse fibroblasts of the L42 line (non-hormone producing) and pituitary tumor AtT2O cells (A53 cells, hormone producing) were transfected a -1 with human pro-opiomelanocortin (POMC) genes to express the hormone in those cells. It was proved that POMC was expressed only in rER in the former (L42 cells) and mainly in mature secretory granules in the latter. These cells were stained by the indirect immunoperoxidase method using anti-POMC antibody (kindly supplied by Dr. M. Chretien).
Mitochondria. Frozen sections prepared from rat liver futed by PLP (periodate-lysine-paraformaldehyde) (McLean and Nakane, 1974) were reacted with peroxidase-labeled anti-rat glutathione peroxidase (produced in our laboratory) (Yoshimura et al., 1980) to localize the enzyme in the intrahepatocytic mitochondria (Utsunomiya et al.. 1991) .
Specimens utilized in the above observations were also processed for immunoelectron microscopy to confirm the validity of the images of subcellular organelles obtained by the LSM or the LSM-IAS system.
The following observations were done on specimens which were not applicable for electron microscopic observations.
Observation of Subcellular Organelles on Paraffin Sections: Human IgG Localization in Plasma Cell [ER. Human lymph nodes were fixed in formalin and then embedded in paraffin. Sections prepared from these paraffinembedded tissue blocks were stained by the indirect immunoperoxidase method with rabbit anti-human IgG as the antibody at the first step. Subsequently. the sections were reacted with peroxidase-labeled anti-rabbit IgG.
Observation of Organelles on Sections Stained by Enzyme Histochemistry with Azo Dye as a Coupler: Golgi Apparatus in Intestinal Epithelial Cells Demonstrated by an Azo Dye Method for Alkaline Phosphatase Histochemistry. Frozen sections (6-10 pm thick) were prepared from paraformaldehydefixed rat small intestine, and were stained by enzyme histochemistry for alkaline phosphatase (ALP) by the modified Burstone's method (Watanabe and Fishman. 1964) . Naphthol AS-BI phosphate and Fast Red Violet LB were used as the substrate and the azo dye coupler, respectively.
Observation of Organelles in Living Cells: Mitochondria Stained by Supravital Dye. As a supravital dye, Janus green was applied on living cultured cells (human mammary carcinoma cell MCF-7; purchased from American Type Culture Collection, Rockville. MD) to stain mitochondria specifically (Pycock and Nahorski, 1971) .
These cells were also fixed with 4% paraformaldehyde to perform the histochemistry for NADH diaphorase, which was known to be the mitochondrial marker. A modified Farber's method (Burstone. 19621 was used for this enzyme histochemistry. 
Combination of LSM and IAS
Comparable microscopic observations were done by using Axiophot (Carl Zeiss conventional light microscope, CLM) and LSM-IO (argon-ion laser at 488-nm, Zeiss) within the transmitted differential interference contrast (DIC) mode. A planapochromat ( x 63) objective lens was used.
As the IAS, the Interactive Build Analysis System (Carl Zeiss) was employed. Observations were done at an image resolution of 512 x 512 pixels (8 bits, 256 gray levels). Image processing was elaborately done by combining the following various functions to fit to the purpose: contrast normalization, line enhancement, delineation, interactive gray-value scaling contrast, edge enhancement, texture enhancement, detail enhancement, noise reduction, sobel gradient filtering, and image overlaying) (reference manual of IBAS).
Photographs were taken on Ilford Pan film (Ilford; Basildon, UK) and Ekta PAN 4 x 5" film (Eastman Kodak; Rochester, NY).
Observation Procedure
First, specimens were observed by CLM and then by LSM. Second, the LSM-IAS image were derived through a "linking" from LSM by electronic signals, which enhance positive reaction signals with processing methods including contrast normalization. line enhancement, and detail enhancement with scaling density by IAS. Finally, the images were processed through the most suitable functions of IAS.
Results
The ISM and IAS systems used in this study are shown in Fig.  1 . Figure 2 shows diagrams of the LSM system (Figure 2a ) and the LSM-IAS combination system (Figures 2b and 2c ). We used a transmitted argon laser ray at 488 nm, which comes through the XY scanner unit and specimens (Figure 2a ). It should be emphasized that this system is different from the system of "confocal microscopy." LSM can magnify the images up to 16,000 times on the monitor. In this study, the image was built up by IAS. The LSM electronic signal was input to IBAS by direct ''linking'' of LSM and IAS with "Pipeline" (Inoue and Inoue, 1989 ). As Figure 2c shows, the processing signals of the LSM images were combined with IAS and were recorded on hard copy or photomicrography. The LSM images were built up as electronic signals and therefore could be stored in hard or floppy disks.
LSM Observation of Subcellular Organelles in Histochemically Stained Specimens That Are Also Applicable for Immunoelectron Microscopy
Microtubules. Microtubules of normal rat small intestine were visualized by the immunoperoxidase method using the anti-a- histochemically stained for a-tubulin. On CLM observation, the supranuclear portions of the epithelial cells were again diffusely stained, with some accentuation at terminal webs and in scattered coarse granules (Figure 3e ). By LSM observation, the staining tendency was more accentuated (Figure 3f ). In the IAS-processed images, a-tubulin localization appeared as aggregated granules, most heavily concentrated at terminal webs and sparsely present in some other portions of the cytoplasm (Figure 3g ). The a-tubulin localization was quite similar to that seen in Figure 3h using immunoelectron microscopy. microtubules (Figure 3d ). were visualized, as shown in Figure 3c . Small intestines of colchicine-treated rats were also immuno-Rough Endoplasmic Reticulum and Secretory Granules. The human POMC gene was transfected to mouse cultured Lfibroblasts . a a'----.'
(L42, hormone non-producing) and pituitary tumor cells (Aff -20, hormone producing). The expression of the human POMC in those cells was confirmed at both the mRNA and the protein level by Northem blotting and immunoelectron microscopy (the indirect peroxidase-labeled antibody method), respectively (Pintar et al., 1984) . Immunoelectron microscopy revealed that the POMC was localized in rER, including perinuclear spaces in the former cells (L42) and secretory granules (SG) in the latter cells (AtT-20) (Osamura et al., 1991) .
In CLM of L42 cells, POMC was visualized mostly in coarse granules. Some nuclei were rimmed with the immunocytochemical reaction product (Figure 4a, arrows) . The high-power LSM images of the POMC localization in similar cells exhibited positively stained perinuclear spaces and continuing dilated rER (Figure 4b ). This immunocytochemical feature was more clearly seen in the images processed by ISM-IAS (Figure 4c ). Immunoelectron microscopy of POMC in L42 cells confirmed the intracellular localization demonstrated by LSM-IAS (Figure 4d ).
In CLM observation of the POMC immunocytochemical localization in the hormone-producing AtT-20 cells, POMC was localized in fine granules in the cytoplasm (Figure 5a ). On observing these positively stained cells by LSM, the images of POMCcontaining SG became clearer (Figure 5b ). The features of those SG became clearer and more refined after processing by ISM-IAS (Figure 5c ). Immunoelectron microscopy confirmed the validity of these POMC localizations ( Figure Sd) .
Mitochondria. The intramitochondrial localization of GSH-PO in hepatocytes, in addition to the cytoplasmic localization, has been confirmed by both biochemistry and immunocytochemistry (Watanabe, 1986; Zarowski and Tippel, 1978) . In CLM observations of GSH-PO immunohistochemical localization, cytoplasm and nuclei were stained generally in diffuse and occasionally in fine granular patterns which were not identifiable as mitochondria (Fig  ure 6a ). On LSM observation of the cell identified by the arrow in Figure 6a , round to oval particles (arrows) of roughly mitochondrial size were also positively stained, together with diffuse staining of the cytoplasm (Figure 6b ). When this LSM image was processed through IAS, the images of those positively stained particles became almost identifiable as mitochondria (Figure 6c ). Immunoelectron microscopic observation of GSH-PO in the hepatocytes (the section was prepared from the same specimen used for light microscopy) revealed positively stained mitochondria, as shown in Figure 6d .
LSM and IAS Observations on Specimens for Which Electron Microscopic Observations
Are Not Applica&le LSM-IAS was employed to localize substances at the subcellular level on specimens that were suitable only for light microscopy, i.e., paraffin sections or sections stained by an azo dye method, of which the reaction product is electron lucent.
Immunohistochemical Observations on a Formalin-fiied, Paraffin-embedded Specimen (Human Lymph Node): IgG Localization in Plasma Cell rER. CLM observations revealed diffusely immunostained cytoplasm in plasma cells (Figure 7a ). By LSM, IgG localization appeared as a thick, linear pattern in the cytoplasm of the plasma cells (Figure 7b ). The ISM-IAS image revealed positively stained lamellar structures (Figure 7c ). The final LSM-IAS image overlaid on the original LSM-IAS image shown in Figure  7c (Figure 7d ) demonstrated a lamellar structure of IgG localization, which was compatible with well-developed rER.
Enzyme Histochemical Observation of Frozen-sectioned Rat Small Intestine: ALP Localization in Plasma Membranes and Golgi
Apparatus. The localization of ALP enzymatic activity in rat small intestine was histochemically demonstrated by an azo dye method. On CLM observation, brush borders (microvillous surfaces of epithelial cells) of the intestinal epithelia were very intensely stained and supranuclear regions were very lightly stained (Figure sa ). In the LSM images of the stained specimen, the supranuclear regions became more accentuated and were recognizable as Golgi regions (arrows in Figure 8b ). In the high-power LSM-IAS image of the same area, ALP-positive structures in the Golgi regions were barely appreciated as Golgi stacks (Figure 8c ). In a more highly magnified LSM-IAS image of the same area, the shapes of ALP-positive Golgi stacks were further improved and could be recognized as such (Figure 8d ). The thickness of the specimen was about 6 pm, and more than 70 layers of microvilli may be contained in this thickness. For this reason, the signals from microvilli were too strong to recognize each individual ALP-positive microvillus.
Observation of Organelles in Living Cells: Mitochondria Smined by a Supravital Dye. Living cells (cultured human mammary carcinoma cells of the MCF-7 line) were reacted with the supravital dye Janus green to stain mitochondria specifically (Pycock and Nahorski, 1971 ). By LSM, the cytoplasm of the unstained tumor cells (control) appeared flat and smooth and exhibited no positively stained granules (Figure 9a ). In contrast, the positively stained organelles were seen as round or oval granules in the cytoplasm (Figure 9b, arrow and arrowhead) . The LSM-IAS-enhanced images showed same Janus green-positive structures that appear from their sizes and shapes to be mitochondria (Figure 9c , arrow and arrowhead). The images of mitochondria were further processed by the sobel gradient filter and are shown in Figure 9d . The general contours of mitochondria (arrow and arrowhead) became comparable to those obtained by immunoelectron microscopy. Figure 9a shows the enzyme histochemical localization of NADH diaphorase, which is a specific marker enzyme for mitochondria, in the same cell (MCF 7). LSM-IAS images of the cells were also processed by sobel gradient filter. The images of positively stained mitochondria are quite similar to those of Figure 9a , although some differences between fixed and unfixed cells (in the case of NADH diaphorase histochemistry, cells were fixed by paraformaldehyde before sectioning) exist in the cell architecture.
Discussion
The present study was focused on observation and identification of subcellular organelles in specimens prepared for light microscopy. Our aim was realized not perfectly but satisfactorily by combining various functions of LSM and IAS.
First of all, LSM was utilized to obtain magnification high enough to identify the organelles, but the identification was rather ddficult even though certain contrasting techniques, such as phasecontrast and differential interference contrast (DIC) were used. It appeared that the organelles had to be distinguished by specific markers. In this regard, sections and cultured cells prepared for light microscopy were immunohistochemically or enzyme histochemically stained with antibodies against certain subcellular organelle marker substances or with marker enzymes for certain organelles. When these histochemically stained subcellular organelles are observed solely by LSM, their contours are often blurred. This may have been due to the thickness of the light microscopic sections (4-10 vm) and the consequent overlapping of subcellular organelles. To lessen such disadvantageous effects, the ISM images were built up by IAS, which contains diverse functions such as shading correction, contrast enhancement, delineation, edge enhancement, noise reduction, and texture enhancement or suppression (digital filters). Relevant combinations of those functions were applied case by case to fit the purpose. For instance, the combination of contrast normalization and interactive gray-value scaling contrast among those functions was mainly utilized for the processing of ISM images of microtubules, and linear figures of microtubules, which were roughly compatible with those observed by immunoelectron microscopy, were appreciated, as shown in Figure 3c . Thus, very vaguely linear figures of microtubules in LSM (Figure 3b) were markedly improved and refined by IAS processing (Figure 3c ). When the animals were treated with colchicine, the linear figures of microtubules in the intestinal epithelial cells were destroyed and formed aggregates of granules (Figures 3g and 3h ). Such distinct change was disclosed only by ISM-IAS observations (Figures 3c and  3g ) or by immunoelectron microscopy (Figures 3d and 3h) . Accordingly, the images of subcellular organelles were much improved by combining LSM with IAS so as to identify immunoor enzyme histochemically stained suborganelles such as microtubules (mainly built up with contrast normalization and interactive gray-value scaling contrast), [ER, Golgi apparatus, secretory granules (contrast normalization, interactive gray-value scaling contrast, edge enhancement, and image overlay), and mitochondria (contrast normalization, edge enhancement, texture enhancement, and sobel gradient filter). LSM images of those subcellular organelles, especially mitochondria in rat hepatocytes (Figure bc) , were eminently improved by processing through IAS. The identity of the IAS-processed images of subcellular organelles was confirmed by immunoelectron microscopy (the pre-embedding immunoperoxidase method) in some cases. It is also noteworthy that mitochondria stained by a supravital dye were visualized in living cells (cultured human mammary carcinoma cells) ( Figures  9d and 9e ). Alterations of configuration or content of subcellular organelles that are provoked by certain stimulation in living state could be elucidated by this observation technique.
Another important advantage of this combination system is that it enhances images so weakly positive as to be barely observable by conventional light microscopy and thus achieves clearly positive images. An example is shown in Figures 8a, 8c , and 8d visualizing ALP-positive Golgi stacks. Recently, we also succeeded in visualizing almost unrecognizably weak i"unostaining of 12-lipoxygenase in astrocytes of dog brain by IAS processing (Nishiyama et al., submitted for publication).
Even though the subcellular organelle images were much improved by the LSM-IAS system, they were still inferior to those observed by immunoelectron microscopy. This disadvantage may be due to the use of sections more than 6 pm thick for light microscopic observations. This problem could be solved if optical tomography by confocal mode microscopy (Brodin et al., 1988) is available for observations of histochemically stained sections. With confocal mode microscopy, however, the signal from the fluorescent probe is the only one that can be detected by LSM (Eduard and Jonathan, 1990; John and Bruce, 1990; Karin et al., 1990; John and Bruce, 1989; Thor and David, 1989; Brodin et al., 1988) . whereas signals from other histochemical coloring probes such as DAB, azo dye, and heavy metals can not be detected at the present time. On the other hand, immunohistochemically and enzyme histochemically stained sections with DAB, azo dye, and/or heavy metals have valuable advantages over fluorescent probes. The morphology of cell and tissue structures is more consistent in the former than in the latter. Moreover, one can get permanently preservable sections which enable repeated or retrospective examination. The development of confocal mode microscopy that can detect signal from any staining source is strongly anticipated.
